The binding of myo-inositol hexasulfate to an N-terminal truncated 132-amino-acid human acidic fibroblast growth factor form was studied by isothermal titration calorimetry. The technique yields values for the enthalpy change and equilibrium constant, from which the Gibbs energy and entropy change can also be calculated. Experiments in different buffers and pH values show that the proton balance in the reaction is negligible. Experiments at pH 7.0 in the presence of 0.2±0.6 m NaCl showed that the enthalpy and Gibbs energy changes parallel behaviour with ionic strength change, with values in the 221 to 211 kJ´mol 21 range in the first case and in the 231 to 222 kJ´mol 21 range in the second. No dependence of entropy on ionic strength was found, with a constant value of < 35 J´K 21´m ol 21 at all ionic strengths studied. The results can be interpreted in molecular terms by a model in which competitive binding of 3±4 chloride ions to the myo-inositol-binding site is assumed. Isothermal titration calorimetry was also performed at different temperatures and yielded a value of 2142^13 J´K 21´m ol 21 for the heat-capacity change at pH 7.0 and 0.4 m NaCl. Using different parametric equations in the literature, changes on ligand binding in the range 2100 to 2200 A Ê 2 in solvent-accessible surface areas, both polar and apolar, were calculated from thermodynamic data. These values suggest a negligible overall conformational change in the protein when the ligand binds and agree closely with calculations performed with NMR structural data, in which it is shown that the most important negative change in total solvent-accessible surface area occurs in the amino acids Ile56, Gln57, Leu58 and Leu149, in the high-affinity receptor-binding region of the protein.
Acidic fibroblast growth factor (aFGF) is a 154-amino-acid protein with broad mitogenic activity targeted to most mesoderm-derived and neuroectoderm-derived cell lines. It belongs to a family of 18 proteins (FGFs), with 30±55% similarity, which are involved in many pathologies caused by anomalous cell proliferation [1±3] .
FGFs interact with two kinds of receptors of the cell surface. High-affinity receptors are members of the family of transmembrane receptor tyrosine kinases [4] . The low-affinity receptor is the glycosidic moiety of the heparan sulfate proteoglycans [5] on the cell surface and in the extracellular matrix. FGFs also interact with heparin, and the different biological activities of FGFs seem to be mediated through binding to this polyanionic molecule [6] or heparan sulfate [7] .
Both heparin and heparan sulfate are linear sulfated polysaccharide chains with alternating l-iduronic and d-glucosamino sugars. Heparan sulfate is much less extensively sulfated than heparin, although its sulfate groups are tightly clustered in completely N-sulfated regions, with a high content of 2-O-sulfate; it lacks 6-O-sulfate groups, a high content of which is characteristic of heparin [8, 9] . From a structural point of view, both are ill-defined molecules, with great variability due to differences in the monosaccharides and their sequences.
myo-Inositol hexasulfate is a fully sulfated cyclic polyalcohol with some of the structural features of the FGF modulators just mentioned. It has been shown to mimic heparin as an activator of aFGF in mitogenic assays [10] . The structural interaction of myo-inositol hexasulfate with a 132-amino-acid form of human aFGF (residues 23±154) has been completely characterized via solution NMR studies [10, 11] . It binds to the protein through the positively charged groups of Lys126, Lys127, Arg133 and Lys142 side chains and induces a higher degree of definition in the overall structure of the free protein. Three of these residues, Lys126, Lys127, and Lys142, have been found in an X-raycrystallographic structural study [12] to participate also in the binding of a heparin decasaccharide to a 140-amino-acid human aFGF form.
To gain insight, from an energetic point of view, into the interaction of myo-inositol hexasulfate with human aFGF, we present here a calorimetric investigation in which titration of the protein with the ligand was performed at different ionic strengths and temperatures, and the thermodynamic parameters for the reaction determined under the conditions studied. Structural parameters were calculated from thermodynamic data and compared with experimental ones. The same 132-amino-acid protein as used in the NMR studies was used.
E X P E R I M E N T A L P R O C E D U R E S

Protein expression and purification
For aFGF expression, a modified pADF1 vector [13] was used, in which the protein is linked by its N-terminal group to blood coagulation factor sequence X a (Asn-Asp-Asp-Gly-Glu-SerAsn-Val-Val-Val-His-Gln), which in turn is linked to the colinebinding domain sequence of Streptococcus pneumoniae (C-LYT/FX/aFGF). pADF1 vector is derived from pIN-IIIA 3 plasmid [14] and contains an ampicilin resistance gene and its lpp promoter followed by the lac operator±promoter. aFGF expression is thus controlled by lac inducers. Escherichia coli cells used in the production of aFGF have been named AB1899 [15] (genotype: F H , thr-1, ara-14, leub 6, D(gtpproA)62, lacY1, tsx-33, lon-1, supE44, galK 2, hisG4, rfbD1, rpsL31, kdgK51, xyl-5, mtl-1, argE3, thi-1) and were made lac 2 by transduction with phage P1. These cells were stored at 270 8C in 1% tryptone/0.5% yeast extract/0.1% NaCl/0.1% glucose medium made 25% in glycerol.
Cells were grown in 1 L of medium which contained 12 g tryptone, 24 g yeast extract, 4 mL glycerol, 2.31 g KH 2 PO 4 and 12.54 g K 2 HPO 4 . First they were grown twice (3±6 h each) in this medium with ampicillin added, and then in the medium with ampicillin and isopropyl thio-b-d-galactoside added to induce protein expression, until the D 600 reached 10 (12±16 h). aFGF was purified by a procedure [15] based on the high affinity of the protein for heparin. Briefly, grown cells were disrupted with an Aminco French Press on heparin±Sepharose, and successively washed with a 10-mm NaP i , pH 7.2-based buffer with increasing NaCl concentrations. Before the final elution from a column with 1.5 m NaCl/10 mm NaP i , pH 7.2, two digestions with a-chymotrypsin were carried out [10] in order to release a 132-amino-acid form of aFGF from the C-LYT/FX/aFGF fusion protein. The purity of the final protein solution was checked by SDS/PAGE [16] , and it was stored in the cold room (4 8C) at 8±10 mg´mL 21 after concentration of the last column eluate. During the time in which experiments were being performed, emission fluorescence spectra (with excitation at 280 nm) were eventually recorded and the characteristic spectrum of native aFGF with a 305-nm maximum [17, 15] at neutral pH was always obtained.
Other materials
Yeast extract and tryptone were bought from Difco Laboratories, natrium ampicilin and isopropyl b-d-thiogalactoside from Boehringer Mannheim, heparin±Sepharose CL-6B from Pharmacia, and myo-inositol hexasulfate and Good buffers from Sigma. All the remaining reagents used in this work were of the highest purity available and purchased from Merck, Sigma, Fluka or Serva. A fast desalting HR 10/10 FPLC column from Pharmacia was used for buffer exchange of protein solutions. When needed, protein samples were concentrated with Amicon Centriprep devices with a 3-kDa cut-off. Milli Q water was used throughout and all solutions were always passed through Millipore 0.22-mm filters.
Preparation of protein solutions for calorimetry
The appropriate amount of stock protein solution was dyafiltrated to a final volume of about 2 mL in a concentrating device, with three additions up to 15 mL 20 mm NaP i /0.4 m Na 2 SO 4 , pH 7.0, buffer. Then 0.5 mL of the final solution was applied to the HR10/10 fast desalting column equilibrated in the buffer in which the calorimetric experiment was to be performed. From the protein peak in the eluate, the portion with A 280 above 0.6 was collected, centrifuged at 15 000 g for 10 min, and the concentration measured. The concentration of protein in this solution was in the 3±5 mg´mL 21 range. The calorimetric experiment was started inmediately after the concentration measurement. The chromatographic procedure used to prepare the sample was tested in experiments in which proteins (ribonuclease or lysozyme) in 1.5 m NaCl buffers at a given pH were applied to the column and eluted with 0.15 m NaCl buffers of different pH. The conductivity (in mS´cm 21 ) and pH of the eluted protein peak were measured to three significant figures and differences from the elution buffer were only found in the third one.
Measurement of protein concentration
Protein concentration was determined from absorbance measurements using a specific absorbance at 280 nm of 1.2 mg 21´m L´cm
21
. We estimated this value after considering the previously reported value of 1.263 mg 21´m L´cm 21 for a 139-amino-acid form of human aFGF [15] and finding that there is a 3±5% difference in the absorption coefficients of that form of the protein and the one used in this work when both forms were studied following the procedures of Gill & von Hippel [18] or Pace et al. [19] . The smaller specific absorbance in the 132-amino-acid form of the protein is consistent with the lack of a tyrosine residue in its sequence compared with the 139-amino-acid form. A molecular mass of 14 916 Da [10] was used in the calculation of molar concentrations.
Isothermal titration calorimetry
Calorimetric titrations were performed with a Gill titration calorimeter [20, 21] . The calorimeter is of the thermopile heatconduction type, with two identical reaction and reference cells, and uses an electrical compensation mode under computer control for measurement of the thermal effects. The calorimeter was calibrated chemically by dilution of a sucrose solution in water. The reference cell serves only as a thermal reference to the reaction cell and it is filled with water. In a typical titration experiment, the reaction cell was filled with 0.5±0.7 mL of the aFGF solution, at 0.2±0.4 mm concentration, and left to thermally equilibrate. The reaction takes place in a reaction bulb (203 mL) at the bottom of the reaction cell. The calorimeter syringe was filled with a solution containing myo-inositol hexasulfate at 0.6±0.9 mm concentration. The syringe was then mounted in the calorimeter and, for electrical compensation, a steady-state power of about 25 mW was applied to the reaction cell heater. After a new stable baseline had been achieved, in about 15 min, 15±18 automated injections, generally 10 mL each, were performed into the reaction bulb at 3 min intervals until complete saturation of the protein was reached. The reaction mixture was stirred for 45 s. The heat measured at each injection is the sum of the heat not compensated electrically, calculated from the integration of the thermopile differential voltage over the measurement time (80 s), and the compensation heat, calculated from the integration of the power supplied to the reaction cell heater (see [21] for more details). The latter represents more than 92% of the total heat.
In the experimental heats measured after each injection, not only contributions from the binding reaction under study have to be considered, but also the heat of dilution of aFGF macromolecules and myo-inositol hexasulfate and the stirring heat of the reacting solution. Of the latter three, the first was measured in blank experiments and found to be negligible. To evaluate the heat of myo-inositol hexasulfate dilution and the heat of stirring, titrations were always programmed to perform several injections when the reaction was finished, so that the mean value of the last two to four injections (usually small and in the 0 to 28 J range) could be used to correct the remaining values of the titration.
The corrected heats (q i ) measured after each injection step i, are related to the enthalpy per mol of macromolecule [22] with respect to a reference state at the given free ligand concentration at that step i by the expression [23] :
where V 203 mL is the effective reaction volume, which remains constant throughout the experiment because, for each injection volume added (n) an equal volume is ejected. [M] T,i is the total protein concentration in the cell after an injection step i and is related to the initial concentration in the cell,
Assuming that the aFGF has n independent and identical sites for myo-inositol hexasulfate, with an equilibrium binding constant K and an enthalpy change in the reaction DH, the enthalpy per mol of macromolecule at a free ligand concentration [L] i in Eqn (1) is a function of the latter, of the form [24] : 
The binding parameters DH, K, and n were determined for a titration experiment by a nonlinear least-squares fit of the corrected heats q i to Eqn (1) after substitution of Eqns (2) and (3) and calculation of total protein and ligand concentrations at each step. The fitting was carried out with a program developed in our laboratory [25] based on the Simplex algorithm [26] . The standard errors reported in the parameters are the errors in the fitting procedure of a single titration experiment and were calculated by the Bevington method [27] . Similar results were obtained when data fitting was achieved using the commercial program mlab (Civilized Software, Inc., Silver Spring, MD, USA). The performance of the calorimeter in the determination of thermodynamic parameters and their errors has been reported elsewhere [24] , where it was shown that the errors obtained in the fitting are similar to those obtained after measuring the system several times. Finally, it should be pointed out that the heat value obtained after the first ligand injection has not been used in the fitting of the titrations. This is because, during the variable equilibration time after the syringe needle is introduced into the reaction bulb of the microcalorimeter, an unknown amount of ligand could diffuse into the latter. This would prevent us from knowing the amount of ligand introduced in the first injection. Once this injection has been made, however, the time that elapses between it and the second and so on is only three minutes, and, in this short interval, diffusion is negligible and the correct quantity of ligand injected is known, allowing reliable analysis of the data.
Surface area calculations
Accessible surface areas (ASA) calculations were performed using a program written by us and based on a modification of the Shrake±Rupley algorithm [28] , in which 2000 points are uniformly and randomly distributed on the surface of the solvated van der Waals sphere corresponding to each nonhydrogen protein atom. A radius of 1.4 A Ê for the solvent probe and the Chothia set for the protein atoms were always used.
R E S U L T S A N D D I S C U S S I O N
Effect of ionic strength on the interaction between aFGF and myo-inositol hexasulfate Our analysis of the energetic parameters of the interaction between aFGF and myo-inositol hexasulfate began with a study into the effects of different ionic strengths.
Recordings medium. As far as the correction of the raw heat values is concerned, we assumed that, in experiments A, B and C, the reaction had finished at the final injections of the titration and so the values from these injections were used to correct the rest of the data. In experiment D, however, the shape of the curve suggests that, as the affinity is low, the reaction probably had not finished at the final injection and therefore the data were corrected by subtracting a stirring heat of 25.4 mJ, on the basis of measurements made in a separate experiment. As already stated, in all cases, heat produced by dilution of the macromolecule and the ligand was negligible.
The lines in the graphs in Fig. 2 result from joining the points obtained from fitting the data to a model of n identical independent sites. It can be seen from the results of this fitting ( Table 1) that their standard error is always less than 4 mJ. This value is a measure of the closeness of fit, as 4 mJ is the sensitivity of the microcalorimeter itself, which indicates that the points calculated fall within the instrument's own noise range.
The variables DH, K, and n, obtained from each fitting are shown in Table 1 . The number of sites is < 1, as expected, because the interaction between aFGF and myo-inositol hexasulfate has a stoichiometry of 1 : 1, as Pineda-Lucena et al. [10] showed in their NMR studies. It can also be seen from Table 1 that the equilibrium constant decreases concomitantly with an increase in ionic strength and also that the variation in enthalpy of the reaction decreases in the same way.
Given that the stoichiometry of the interaction between aFGF and myo-inositol hexasulfate is 1 : 1, why did we not consider a model in which they bind at a single site instead of n independent identical sites. The reason is that, as has already been shown by El Harrous [25] with the latter model, by keeping the number of sites in the fitting variable any possible errors in the concentrations of both the macromolecule and ligand can be allowed for, these being basically reflected in the number of sites obtained in the fitting rather than in variations in the enthalpy or equilibrium constant. When working with biological macromolecules, the least accurately ascertainable variable tends to be the concentration of the macromolecule itself, while the ligand in principle is not subject to such imprecision.
Besides DH, the thermodynamic variables DG8 and DS for the reaction are also given in Table 1 , and the first two and Fig. 1 (W) . The lines join the points of the best data fits to an n identical and independent protein-binding sites model and the results of the fits are shown in Table 1 . Table 1 . Results for the calorimetric titrations of human aFGF with myo-inositol hexasulfate in 20 mm m NaP i , pH 7.0, 25 8C and different NaCl concentrations. SD, standard deviation of the fitting in mJ.
[NaCl] (m) ±TDS are plotted against log NaCl concentration in Fig. 3 . It can clearly be seen that the variation in affinity of aFGF for myo-inositol hexasulfate according to ionic strength is entirely enthalpic with practically no contribution from entropy. The effects of ionic concentration on the energetics of the binding between ligands and biological macromolecules has fundamentally been studied with nucleic acids [29] . The effects observed in these cases are put down to the fact that the nucleic acid is a polyelectrolyte and that, during binding of ligands, cationic counterions are released [30, 31] . It is important to note, however, that the effect of the salinity in these cases is purely entropic, associated as it is with the dilution of the ions released as a result of the binding process. It would therefore be reasonable to interpret the saline effect produced by binding of myo-inositol hexasulfate to aFGF as being of the same nature, i.e. due to the release of counterions associated with the ligand and neutralizing the negative charges of its sulfate groups. However, the saline effect seen in Fig. 3 is fundamentally enthalpic and not entropic, so we may imagine that the ions released as a consequence of the protein±ligand interaction were previously bound to the ligand in a specific way, rather than being simply`weakly' associated via electrostatic interaction. In fact, the structural studies carried out by PinedaLucena et al. [10] suggest that four positively charged amino acids remain (Lys126, Lys127, Lys142 and Arg133) and interact directly with myo-inositol hexasulfate when bound to aFGF. It would seem reasonable to assume that, in the presence of relatively high concentrations of NaCl and without the involvement of any ligand, these positive charges in the protein will be either partially or even wholly neutralized by chloride ions, which are released on binding of the ligand and produce the observed saline effect.
We thus tentatively postulate a simple model that encompasses these ideas and gives us an adequate framework for analysis of our experimental results. In this model two types of equilibrium are considered.
(a) Equilibria of the binding of chloride ions to aFGF, which we assume can be treated stoichiometrically and, hence:
where b i is the macroscopic equilibrium constant for the binding of i chloride ions to aFGF. We consider n equilibria of this type corresponding to the formation of`compounds' with 1, 2, ¼, n chloride ions at the binding site of myo-inositol hexasulfate. According to the structural considerations made, the value of n will be 4.
( where aFGF T refers to the total number of aFGF molecules without myo-inositol hexasulfate bound,
and ki l is the mean number of chloride ions bound to aFGF T and thus released upon binding of myo-inositol hexasulfate:
We have assumed that the chloride ions bind stoichiometrically and can thus be dealt with by conventional methods based on use of the binding polynomial formulated by Wyman & Gill [32] , the commonest expression of which for the binding of chloride ions to aFGF is:
in such a way that the mean number of chloride ions bound may be expressed as a derivative of P Cl ±:
In a similar manner, the effect that temperature has on the binding polynomial is related to the average enthalpy of the protein with reference to its state with no chloride ions bound to it kDH Cl 2 l:
where van't Hoff's equation, 2 ln b i a2T Dh i aRT 2 , has been used, in which Dh i is the change in enthalpy caused by the binding of i chloride ions to the protein. The experimentally obtained equilibrium constant for the binding of myo-inositol hexasulfate, K, is K aFGFInsSO 4 6 aFGF T InsSO 4 6 which, using Eqns (4)±(7), can be expressed as:
from whence it is easy to derive expressions for the changes in Gibbs energy, enthalpy and entropy upon the binding of myoinositol hexasulfate for any given concentration of chloride ions:
where D8, DG 8 0 and DH 8 are the thermodynamic parameters for the binding of myo-inositol hexasulfate when it has no chloride bound at the binding site with the protein (cf. Eqn 5).
The effects of chloride concentration on the parameters determined from the experimental data, i.e. DG8, and DH and DS are obtained by a simple derivation of Eqns (9) ignoring the negligible difference between the measured enthalpy change DH and the standard value DH 8:
and the use of Eqn (8).
Eqns (10) allow us to analyze the chloride effect on the thermodynamic parameters for myo-inositol binding, within the context of the proposed model. Figure 3 shows the dependence of DG8, DH and DS on log chloride concentration. Using Eqn (10a), the slope of DG8 vs. ln [Cl 2 ] leads to a value of 3.3^0.8 for ki l, a value consistent with our previous supposition that n 4. The slope of DS vs. ln [Cl 2 ] turns out to be zero within experimental error (20.4^12 J´K 21´m ol 21 ), which in this case implies that the two terms on the right of Eqn (10c) more or less cancel each other out, and, therefore, Eqn (10c) can be written:
which is consistent with the fact that the slopes of DG8 and DH vs. ln [Cl 2 ] are approximately the same (cf. Eqns 10a, 10b and 11).
Eqns (9) and (10) are very general in character, and to advance the analysis further, a more specific model (which would involve additional assumptions) would have to be considered. At this point, it can be said that the process studied experimentally possibly implies the replacement of about four bound chloride ions by myo-inositol hexasulfate. This would mean that the relatively low enthalpy values for the binding process may well be simply the result of partial cancelling out of the two large enthalpic effects, as can be seen in Eqn (9b).
Interaction between aFGF and myo-inositol hexasulfate at different temperatures
To examine variations in heat capacity during the interaction between aFGF and myo-inositol hexasulfate, calorimetric experiments at different temperatures were carried out in a pH 7.0 medium containing 0.40 m NaCl, at an ionic strength of about 0.45 m.
In any interaction between a protein and a ligand, it is quite normal for protons to be either released or absorbed. This results from the variation in pK caused by a modification in the characteristics of the medium surrounding some of the ionizable groups, either in the ligand or the protein, related to the interaction. In our case, as we were dealing with the ligand myo-inositol hexasulfate, the ionizable groups of which are all sulfates, it was expected that they would all be highly ionized at neutral pH. Thus, if in the interaction of this ligand with aFGF a net proton balance was found, it could be ascribed to a variation in the pK of one or more groups belonging to the protein.
If this balance is found, then it must be taken into account when the calorimetric experiment is performed, which is normal practice in a buffered medium. For the heats measured, both the intrinsic contribution of the interaction per se and that due to the change in protonation state of the buffer should be considered. The latter can be corrected for by carrying out the experiments in buffers with different protonation heats. In this case, the change in intrinsic enthalpy of the reaction, as well as its proton balance, can be determined by extrapolating the results. Therefore, our experiments were carried out in three different buffers: phosphate, Pipes and Bes. The first of these shows a small change in protonation enthalpy at 25 8C (25.1 kJ´mol , respectively [33] ). The experiments were performed at three different temperatures: 9, 17 and 25 8C. Before the experiments, checks were carried out to make sure that the characteristic parameters of the calorimeter, i.e. the heat capacity of the reaction bulb and its copper cup, and the thermal conductivity through the thermopile, were the same over this temperature range and equal to the values first determined at 25 8C [20] .
For each temperature, there are three sets of results, one for each buffer used (phosphate, Pipes and Bes). The parameters DH, K and n obtained in the fitting of all the experiments are shown in Table 2 , where it can be seen that the standard errors are acceptable and fall more or less within the 4-mJ error range of the instrument, except in a couple of cases (phosphate and Pipes at 17 8C) where they are somewhat higher. The calculated thermodynamic parameters (besides DH measured directly from the fitting) DG8 and DS are given in Table 2 as well. The values obtained in phosphate buffer at 25 8C are similar to those obtained in the experiment on dependence of the reaction on ionic strength. If these values are taken as a point of reference, an overall analysis of the values in Table 2 indicate that differences in temperature or buffer composition do not have much effect on the interaction.
Calculation of the change in heat capacity associated with the binding of myo-inositol hexasulfate
The change in heat capacity associated with any protein±ligand interaction is a fundamental energetic parameter because it provides insight into the hydration changes involved and also affords a key to the correct interpretation of the rest of the energetic parameters in structural terms. We now show the values of DC p for the binding of myo-inositol hexasulfate to aFGF calculated from the enthalpies determined at the three different temperatures (9 8C, 17 8C and 25 8C) and in the three different buffers (phosphate, Pipes and Bes) shown in Table 2 .
The binding enthalpy as measured experimentally can be expressed as
where DH b is the change in enthalpy due exclusively to the binding of myo-inositol hexasulfate (and possibly to the corresponding replacement of already bound chloride ions, as mentioned above), and the two additional terms take into account contributions from possible changes in the protonation state of both the protein and the buffer that may occur on ligand binding. In our discussion on the effects of NaCl concentration, these contributions to the reaction caused by ionization were not explicitly taken into account, as they were implicitly taken to be the same for all experiments carried out at the same temperature in the presence of phosphate buffer. Nevertheless, this factor must be included in the calculation of the change in heat capacity if this parameter is to be interpreted correctly in terms of changes in structural parameters of the protein.
The contribution associated with ionization of the buffer is given by DH ionX buffer 2DnDh buffer 13
where DH buffer is the enthalpy of protonation of the buffer and Dn is the number of protons captured from the medium upon binding of myo-inositol hexasulfate. In the same way, the contribution associated with the ionization of the protein is
where it is presumed that, given the pH of our experiments, the groups of the protein involved in the changes in ionization are histidines. Furthermore, a`normal' value for the enthalpy of the protonation of these histidines is assumed, i.e. DH his 2 29.0kJ´mol 21 [34] . Eqns (12), (13) and (14) can be combined to give
where the effect of temperature on enthalpy of binding, DH b , have been explicitly allowed for and thus DH b,25 is the value at 25 8C, DC p is the change in heat capacity of binding (presumed to be constant), and u is the temperature in degrees Celsius.
In the upper panel of Fig. 4 , DH is plotted against the enthalpies of protonation of the buffers [33] , including all the data for the three temperatures studied. The graph shows clearly that both temperature and ionization have an effect on the process (i.e. the change in heat capacity is significantly different from zero and so is Dn), but that both these effects are relatively small, being only just above the error applicable to the data.
We calculated DC p from the bidimensional fitting of Eqn (15) to all the experimental data on DH, i.e. taking DH to be a function of the two independent variables (temperature, u, and DH buffer ) and with three adjustable parameters: DH 25 , DC p and Dn. The fitting was made with the commercial program mlab, and the results for the three adjustable parameters are 212.6^0.33 kJ´mol 21 , 2142^13 J´K 21´m ol 21 , and 0.09^0.02, respectively. As expected, the values obtained for DC p and Dn are small, although significantly different from zero. The standard errors given were determined by the program, and may be lower than the real errors associated with the parameters. Anyway, the fit is good, as shown in the lower panel of Fig. 4 , in which the experimental values are compared with those predicted by Eqn (15) using the above parameters.
In the light of the closeness of this fit, it would seem unnecessary to refine Eqn (15) any further (by introducing the dependence of DC p or Dn on temperature, for example). It is also noteworthy that, as the value of Dn is very small, the assumption that the change in ionization of the protein is associated with`normal' histidines has scarcely any effect on the calculated value of DH 25 .
Molecular interpretation of the energetic parameters of the binding of myo-inositol hexasulfate to aFGF
As stated above, the change in heat capacity caused by protein± ligand interaction (or the unfolding of a protein) reflects mainly the contribution from hydration or interaction with the solvent. Studies with model compounds and structural analysis of the energetics of protein denaturation indicate that the contribution of exposure to the solvent is positive for apolar amino-acid side chains and negative for polar ones [35±38] . In fact, the change in heat capacity can be formulated in terms of changes in accessible polar and apolar area that accompany the process in question (the dissolving of a model compound, the binding of a ligand to a protein, the unfolding of a protein):
where DASA ap. and DASA pol. are, respectively, the changes in apolar and polar area accessible to the solvent (in A Ê 2 ), and the equation gives DC p in cal´K 21´m ol 21 . The change in enthalpy associated with a process involving a protein also reflects the hydration of the amino-acid side chains, together with contributions from either the breakdown or formation of internal interactions (van der Waals and hydrogen bonds [37] ). In any case, values of DH for the unfolding of model proteins can also be formulated in terms of changes corresponding to accessible apolar and polar area [39] :
where DH 60 is the change in enthalpy at 60 8C in cal´mol
21
. The temperature of 60 8C is taken as the reference because it is approximately the average denaturation temperature of the model proteins used in the analysis [39] .
From our experiments, the value of DH for the binding of myo-inositol hexasulfate to aFGF at 25 8C was obtained. ) and DH 60 , we obtain DASA ap. < 2180 A Ê 2 and D ASApol. < 2180 A Ê 2 .
As an alternative, the changes in surface area can be calculated from DC p alone, without having to resort to the change in enthalpy on binding if it is assumed that the relationship between the change in accessible polar and apolar area is the same as that found for protein unfolding: D ASA pol. /D ASA ap. < 0.59 [40] . Thus, by introducing this ratio into Eqn (16) we obtain
Using DC p 234 cal´K 21´m ol 21 and Eqns (20) and (21), we arrive at DASA ap. < 2110 A Ê 2 and DASA pol. < 270 A Ê 2 , which are similar to those calculated using Eqns (18) and (19) , albeit somewhat lower in absolute value.
Regardless of the method used, the two essential points to bear in mind when considering the results are: first, the changes in accessible area, both polar and apolar, are negative, i.e. the binding of myo-inositol hexasulfate results in some of the surface of the protein being buried, which, before binding, was exposed to the solvent; and secondly, the changes in accessible area are quite small.
We have calculated changes in accessible surface areas using, both for free and myo-inositol hexasulfate-bound aFGF, 25 molecular-dynamics NMR structures [10, 11] . Values determined for the total surface areas were 7961^233 A Ê 2 (4121^151 A Ê 2 apolar and 3840^124 A Ê 2 polar) for free aFGF and 7645^165 A Ê 2 (3928^120 A Ê 2 apolar and 3717^114 A Ê 2 polar) for myo-inositol hexasulfate-bound aFGF, from which values on binding of 2193^193 A Ê 2 for the change in apolar surface area and 2123^168 A Ê 2 for the change in polar surface area were calculated. These values are in very good agreement with those previously obtained from thermodynamic data in the calculations. It is important to note that, as myo-inositol hexasulfate was not taken into acount in the calculations from structural data, the agreement with calculations from thermodynamic data points to the interaction of aFGF with myo-inositol hexasulfate being essentially electrostatic. Figure 5 shows the changes in accessible total surface area for every amino acid in the protein. The most significant negative change occurs in Glu57, together with adjacent amino acids Ile56 and Leu58. This amino-acid cluster, at the end of the b4 [10] strand, is in the high-affinity receptorbinding region in the protein, and the increment in the compactness of the protein in this area on myo-inositol hexasulfate binding could be related to performance of the related biological function. Another significant negative change is observed in Leu149, also in the receptor-binding region [41] . The small change in the total accessible surface area in the whole protein deserves additional clarification. Spolar & Record [40] examined the energetics of the binding of ligands and proteins and their relationship to the structural alterations brought about by the binding. They found that the change in heat capacity caused by ligand±protein binding, or by protein± protein association, is usually negative, just as we have found for the binding of myo-inositol hexasulfate to aFGF. Nevertheless, in those cases in which the binding involves a significant conformational change, such as partial folding of the protein, for example, the absolute values of DC p are hundreds of cal´K 21´m ol 21 (in some cases even more than 1 kcal´K 21´m ol 21 ), and the previously accessible areas that become buried when the ligand binds are in the range of thousands of A Ê 2 . Even in cases in which the binding does not involve significant conformational changes and the alterations in accessible area are due only to the formation of a complementary surface between the ligand and the protein, the absolute values of DC p , DASA ap. and DASA pol. reported by Spolar & Record [40] are higher than ours. It can only be concluded therefore that the binding of myo-inositol hexasulfate to aFGF involves no significant conformational change, if a conformational change is taken to mean partial folding of the protein that appreciably alters the surface area exposed to the solvent. This is not surprising as the experimental process from which our data were obtained and also that reflected by the calculated changes in area is probably in fact the replacement of chloride ions by myo-inositol hexasulfate at the binding site: aFGF T 1 InsSO 4 6 Y aFGFInsSO 4 6 1 ki lCl 2 where k i l < 4. This being the case, the interactions at the binding site and their structural consequences could well be similar both before and after binding (the positive charges at the binding site interact with the negative ones belonging to the chloride ions in the`free' protein and with the sulfates belonging to the myo-inositol hexasulfate bound to the protein), and thus the conformational changes involved in the overall process will be minimal.
Finally, it is worth commenting briefly on the values obtained for the change in entropy caused by the binding of myo-inositol hexasulfate to aFGF. Changes in entropy associated with protein±ligand binding processes are often interpreted in terms of three contributions [42] : a change in conformational entropy (DS conf. ); a loss of translational and rotational entropy which occurs on ligand binding (DS tr ); and a change in hydration entropy (associated with an interaction between the solvent and the polar and apolar groups). The latter change can be formalized in terms of the changes brought about in the accessible polar and apolar areas [42] . Bearing all these three contributions in mind, the change in entropy caused by binding at 25 8C can be expressed as DS 25 , whereas using the slightly lower values derived from the application of Eqns (20) and (21), we get 11 cal´K 21´m ol
. Lastly, the change in conformational entropy should be close to zero if, as discussed above, the binding of myo-inositol hexasulfate involves no significant conformational change. Thus, Eqn (22) predicts that the change in entropy brought about by the binding of myo-inositol hexasulfate to aFGF should be < 235 cal´K 21´m ol
(2146 J´K 21´m ol
), clearly disagreeing with our experimental results (Table 2) , which show that DS 25 is equal to about 40 J´K 21´m ol 21 . It would seem therefore that there is an additional contribution which does not figure in Eqn (22) , and we believe that the obvious candidate for this contribution is the increase in translational entropy associated with the release of chloride ions that occurs on binding of myo-inositol hexasulfate.
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